Aims/hypothesis To establish the occurrence, modulation and functional significance of compound exocytosis in insulin-secreting beta cells. Methods Exocytosis was monitored in rat beta cells by electrophysiological, biochemical and optical methods. The functional assays were complemented by three-dimensional reconstruction of confocal imaging, transmission and block face scanning electron microscopy to obtain ultrastructural evidence of compound exocytosis.
Results Compound exocytosis contributed marginally (<5% of events) to exocytosis elicited by glucose/membrane depolarisation alone. However, in beta cells stimulated by a combination of glucose and the muscarinic agonist carbachol, 15-20% of the release events were due to multivesicular exocytosis, but the frequency of exocytosis was not affected. The optical measurements suggest that carbachol should stimulate insulin secretion by ∼40%, similar to the observed enhancement of glucose-induced insulin secretion. The effects of carbachol were mimicked by elevating [Ca 2+ ] i from 0.2 to 2 μmol/l Ca 2+ . Two-photon sulforhodamine imaging revealed exocytotic events about fivefold larger than single vesicles and that these structures, once formed, could persist for tens of seconds. Cells exposed to carbachol for 30 s contained long (1-2 μm) serpentine-like membrane structures adjacent to the plasma membrane. Three-dimensional electron microscopy confirmed the existence of fused multigranular aggregates within the beta cell, the frequency of which increased about fourfold in response to stimulation with carbachol. Conclusions/interpretation Although contributing marginally to glucose-induced insulin secretion, compound exocytosis becomes quantitatively significant under conditions associated with global elevation of cytoplasmic calcium. These findings suggest that compound exocytosis is a major contributor to the augmentation of glucose-induced insulin secretion by muscarinic receptor activation. Change in membrane capacitance HW Half width (time during which current exceeds 50% of the peak value)
Introduction
Insulin is secreted from the pancreatic beta cells by Ca 2+ -dependent exocytosis [1] . Release of insulin is thought to involve the fusion of individual granules with the plasma membrane [2, 3] . High-resolution capacitance measurements have confirmed that most exocytotic events occur as the fusion of individual secretory granules [4] . However, about 10% of the exocytotic events were associated with larger stepwise increases in membrane capacitance [4] as if multiple granules fused simultaneously with the plasma membrane (compound exocytosis).
There are two types of compound exocytosis [5] . Sequential exocytosis starts with a primary fusion event at the plasma membrane, and other granules subsequently fuse with this granule. In multivesicular release, several granules first fuse within the cell before undergoing exocytosis as one unit. Sequential exocytosis has been reported in a variety of cells [6] [7] [8] [9] , including pancreatic beta cells [10, 11] , but the significance of multivesicular release to insulin secretion remains unknown. Evidence for multivesicular release is particularly strong for electrically non-excitable cells [6, 7, 12] , but recent data indicate that it also occurs in intensely stimulated neurons [13] . In pancreatic beta cells, ultrastructural evidence indicates that granules can prefuse within the cell under certain experimental conditions [14] , but attempts to demonstrate multivesicular exocytosis by live cell imaging have produced conflicting results [10, 15, 16] .
We have examined the occurrence of compound exocytosis in rat pancreatic beta cells by a combination of biophysical measurements, optical imaging and electron microscopy. Our data confirm that single-vesicle exocytosis is the predominant form of exocytosis in beta cells stimulated with glucose alone but that compound exocytosis becomes quantitatively significant under experimental conditions associated with global elevation of cytosolic Ca 2+ .
Methods
Islet isolation and cell culture All experiments were conducted in accordance with the UK Animals Scientific
Procedures Act (1986) [17] , whereas intact islets were used for the remaining experiments.
P2X 2 current and capacitance measurements Parallel measurements of ATP release and change in membrane capacitance (ΔC m ) were carried out using the standard whole-cell configuration as described previously [17] . Rat beta cells were infected with an adenoviral construct encoding a P2X purinoreceptor 2 (P2X 2 R)-green fluorescent protein fusion protein [17] . The membrane potential was, unless otherwise indicated, clamped at −70 mV. ΔC m was calculated by averaging the capacitance measurements 750 ms before and after a P2X 2 current transient. For display, the current signal was filtered at 100 Hz to remove the sine wave. One series of experiments (see Fig. 3 ) was conducted using the perforated patch technique. In these experiments, the signal was filtered at 1 kHz and digitised at 2 kHz. In another series of experiments (see Fig. 2D ), changes in cell capacitance were monitored in uninfected cells (i.e. cells not expressing P2X 2 Rs) to allow the time course of ATP release to be compared with the increase in membrane capacitance. In the latter measurements, the temporal resolution was 1 ms.
Two-photon imaging of exocytosis Rat pancreatic islets were superfused with extracellular medium containing the fluorescent polar tracer, sulforhodamine (SRB; 0.7 mmol/l) [18, 19] . SRB was excited in the two-photon mode at 830 nm using a Chameleon laser (Coherent, Santa Clara, CA, USA). Emitted light was collected through a PlanApochromat objective ×63/1.4 Oil (Carl Zeiss, Jena, Germany) at 570-650 nm. The full-width-at-half-maximal fluorescence intensity of fluorescent spots recorded for microspheres (diameter 0.1-4.0 μm; TetraSpeck; Invitrogen, Paisley, UK) was measured and plotted against their actual size [20] to estimate actual diameters of objects represented by the spots in the SRB measurements (i.e. granules undergoing exocytosis). The diameters of the fluorescent dots were estimated from a circle fit into the pixels with intensity values equal to or greater than full-width-at-half-maximal fluorescence intensity. The temporal characteristics of exocytotic events were determined in regions of interest.
Insulin secretion Insulin was determined by radioimmunoassay as described elsewhere [21] . Briefly, batches of eight to ten islets were preincubated in 1 ml Krebs Ringer bicarbonate buffer supplemented with 1 or 20 mmol/l glucose for 20 min followed by 1 min incubation in 1 ml Krebs Ringer bicarbonate buffer containing 1 or 20 mmol/l glucose and 20 mmol/l glucose plus 20 μmol/l carbachol. At the end of the incubation, aliquots of the medium were removed and frozen pending the radioimmunoassay.
Ca 2+ microfluorimetry and imaging Cytoplasmic free calcium concentration ([Ca 2+ ] i ) in intact cells loaded with fura-2AM (1 μmol/l; Invitrogen) was monitored using a dualwavelength Photon Technology International (Birmingham, NJ, USA) system [22] . Confocal images were obtained using an upright Zeiss 510 confocal microscope after loading of isolated rat beta cells maintained in tissue culture with fluo-5AM (1 μmol/l; Invitrogen) for 1 h. Excitation was at 488 nm, and emission measured at 510-540 nm.
FM1-43FX dye staining of exocytosis Isolated rat beta cells were superfused with extracellular medium containing 20 mmol/l glucose supplemented or not with carbachol (20 μmol/l) for 30 s in the presence of 5 μg/ml FM1-43FX (Invitrogen). The extracellular solution was quickly removed, the dish washed to remove excess dye, and the cells finally fixed in 4% paraformaldehyde at 4°C. Cells were scanned in 0.4 μm z-slices using a Zeiss 510 confocal microscope (excitation 488 nm; emission 515-550 nm).
Electron microscopy Islets were fixed in 4% paraformaldehyde and 0.5% glutaraldehyde in phosphate buffer for 1 h, post-fixed in 1% osmium tetroxide, dehydrated in methanol, and embedded in Epon 812 (Agar Scientific, Stansted, UK). Three-dimensional (3-D) electron micrographs (50 nm section thickness) were obtained by microtome-scanning block face electron microscopy [23] . Images were acquired on an FEI Quanta 200 VP-FEG electron microscope using an accelerating voltage of 4 keV and the low-vacuum mode (0.5 T) equipped with a microtome (3View; Gatan, Abingdon, UK). The contrasted specimen is cut inside the microscope. Every time the surface of the block is shaved off by a diamond knife, tissue is removed and the freshly cut surface of the block is scanned and an image is obtained. For transmission electron microscopy, ultrathin sections (80 nm) were cut on to Ni grids, contrasted with 2% uranyl acetate and lead citrate, and examined in a Jeol 1010 microscope (Welwyn Garden City, UK) with an accelerating voltage of 80 keV.
Solutions
The standard extracellular solution used in all imaging and electrophysiology experiments contained (mmol/l) 138 NaCl, 5.6 KCl, 2.6 CaCl 2 , 1.2 MgCl 2 , 5 Dglucose and 5 HEPES (pH 7.4 with NaOH). For the P2X 2 R experiments, the intracellular (pipette) solution consisted of (mmol/l) 125 CsCl, 10 NaCl, 1 MgCl 2 , 10 EGTA, 5 or 9 ] i was estimated to be 0.2 and 2 μmol/l using the WIN MAXC32 2.5 computer program [24] . For the perforated patch recordings (see Fig. 3 ), the recording electrode contained (mmol/l) 76 K 2 SO 4 , 10 NaCl, 10 KCl, 1 MgCl 2 and 5 HEPES (pH 7.35 with KOH). In the latter experiments, endogenous Ca 2+ /calmodulin-dependent protein kinase 2 (CAMKII) was inhibited by preincubating the cells for 2 h in the presence of 20 μmol/l of the myristoylated CAMKII autoinhibitory peptide (Biomol International, Exeter, UK).
Data analysis Data are presented as mean values±SEM. Statistical significances of differences between means and distributions were estimated by Student's t test or by Kolmogorov-Smirnov's test (cumulative histograms). The 3-D reconstruction of the FM1-43FX events was performed using the Imaris 6.1.5 software (Bitplane Scientific Solutions, Zurich, Switzerland). The P2X 2 R-dependent current spikes were analysed using the Mini Analysis Program 6.0.3 (Synaptosoft, Decatur, GA, USA). The confocal [Ca 2+ ] i ( Fig. 3B ) and optical measurements of secretion (Figs 4 and 5) were analysed and presented using the software LSM Image Examiner. The numerical data of the exocytotic events thus measured were imported into MATLAB to determine the t 10-90% and half widths (HWs; Fig. 5 ).
Results
Magnitude of quantal ATP release increases in response to elevated [Ca 2+ ] i Insulin secretion is associated with ATP release [17] . Fig. 1e . The distribution of the Q of exocytotic events was shifted to the right when [Ca 2+ ] i was elevated from 0.2 to 2 μmol/l (p<0.001). Figure 1f shows the relationship between charge and the t 10-90% and HW. The t 10-90% values were <10 ms over a wide range of Q. By contrast, the HWs increased with the event size: from ∼10 ms for small events to ∼40 ms for events >50 pC (Fig. 1g) . A longer duration of the ATP-induced P2X 2 R current would be consistent with the emptying of an enlarged granule lumen, which may result if several In both cases, the ATP-evoked wholecell currents rose and decayed monotonically with no sign of superimpositions of discrete events. Statistical analysis suggests that it is highly unlikely that these events result from superimposition of multiple smaller events (ESM text, section 2). For comparison, Fig. 2c shows an example where a step capacitance increase of ∼10 fF is associated with four discrete spikes that are superimposed. Thus we can estimate that each release event adds ∼2.5 fF of capacitance, close to the 2.9 fF measured by on-cell capacitance measurements [26] . Figure 2d shows the relationship between ΔC m and Q (only including events without signs of superimpositions).
The largest steps averaged ∼35 fF, corresponding to the simultaneous fusion of more than ten granules with the plasma membrane.
It would appear that the increase in capacitance (reflecting the fusion of the granules with the plasma membrane) should precede the emptying of the granules (detected as the activation of the P2X 2 Rs). However, intragranular ATP is highly mobile and exits promptly upon membrane fusion, even before complete expansion of the fusion pore [26] [27] [28] [29] . It is accordingly not possible to temporally dissociate the capacitance increase from ATP release. Indeed, the capacitance steps recorded in beta cells not infected with P2X 2 Rs exhibited a kinetics (rise time ∼20 ms; Fig. 2e ) that was, if anything, slower than that of the events recorded with the P2X 2 R-based assay (cf. Fig. 1f ). It can also be noted, however, that the large ΔC m steps develop with a time course only marginally slower than that seen for the small steps, a feature not consistent with the notion that they result from rapid sequential exocytosis of individual secretory granules. [30] and enhances insulin release through a combination of several effects [31] including activation of protein kinase C (PKC) and inositol trisphosphate (IP 3 )-dependent mobilisation of intracellular Ca 2+ [32, 33] . Figure 3a shows changes in [Ca 2+ ] i evoked by 20 mmol/l glucose alone and after addition of 20 μmol/l carbachol in an intact rat pancreatic islet. Glucose produces a nonoscillatory elevation of [Ca 2+ ] i , and carbachol elicits a transient further elevation. We confirmed by confocal imaging of [Ca 2+ ] i (in agreement with previous reports [34] ) that carbachol elicited a widespread increase in [Ca 2+ ] i in the cell centre (Fig. 3b,c) .
We monitored exocytosis before and after the addition of 20 μmol/l carbachol to individual rat beta cells infected with P2X 2 Rs using the perforated patch whole-cell technique. The cells were exposed to 10 mmol/l glucose and the membrane potential initially held at −70 mV to keep the voltagegated Ca 2+ channels closed. Under these conditions, the rate of exocytosis was low, and P2X 2 R currents not observed. Depolarisation to −40 mV resulted in sufficient activation of the Ca 2+ channels to initiate exocytosis (Fig. 3d) . Figure 3e ,f shows examples of the P2X 2 R currents elicited at −40 mV in the presence of glucose alone and after addition of carbachol. It is evident that addition of carbachol increases the amplitude and duration of the events, but their frequency was not affected (0.22±0.05 events/s and 0.17±0.04 events/s in the absence and presence of carbachol, respectively). The cumulative histograms of Q in the absence and presence of carbachol are shown in Fig. 3g . The distribution was shifted to the right in the presence of 20 μmol/l carbachol (p< 0.001). The effects of carbachol cannot be attributed to changes in the gating of the P2X 2 R currents; the integrated current evoked by application of 30 μmol/l ATP in the presence of 20 μmol/l carbachol averaged 101±8% (n04) of that evoked in the absence of the agonist. The effect of carbachol was not mimicked by application of the PKC activator phorbol 12-myristate 13-acetate (PMA; 162 nmol/l, not shown), was insensitive to the PKC inhibitor chelerythrine (1.3 μmol/l; not shown), but partially antagonised by pretreatment of the cells with 20 μmol/l the myristoylated CAMKII autoinhibitory peptide (Fig. 3h) .
Optical imaging of multivesicular exocytosis in beta cells in intact islets
We investigated the occurrence of multivesicular exocytosis in beta cells within intact pancreatic islets using Figure 4a shows a region of an islet exposed to 20 mmol/l glucose. Exocytotic events were identified as the rapid appearance of fluorescent spots with a diameter of >0.15 μm that are easily distinguished from endocytotic events, most of which have diameters of <0.08 μm [35, 36] . The arrows highlight three exocytotic events. The islet was subsequently exposed to 20 μmol/l carbachol in the continued presence of 20 mmol/l glucose. Figure 4b ,c shows magnified views of small and large events observed during carbachol stimulation. The larger event appeared within the cell and seemed connected to the extracellular space via a stalk of dim fluorescence.
The distribution of the corrected diameters of the fluorescent spots seen in the presence of glucose alone and in the simultaneous presence of glucose and carbachol are shown in Fig. 4d ,e. The events evoked by 20 mmol/l glucose alone had a diameter of 0.23±0.02 μm, in reasonable agreement with that estimated for insulin granules by electron microscopy [37] . The cumulative distributions of the diameters observed at 20 mmol/l glucose alone and after supplementation of the medium with 20 μmol/l carbachol are shown in Fig. 4f ; the distribution is shifted to the right in the presence of carbachol (p<0.001). In the presence of carbachol, 15% of the events were larger than any of the events observed in the presence of glucose. The diameter of this subgroup of events averaged 1.20±0.23 μm, 5.2-fold larger than the average of the events evoked by glucose alone. The frequency of exocytosis increase averaged 2.4 events/min per islet in both the absence and presence of carbachol in islets exposed to 20 mmol/l glucose (not shown). However, the fraction of events that were of the compound type increased >3.5-fold, from 5% in the presence of 20 mmol/l glucose alone (Fig. 4g ) to 18% after addition of 20 μmol/l carbachol (Fig. 4h) . In islets exposed to 20 mmol/l glucose, a 1 min stimulation with 20 μmol/l carbachol stimulated insulin secretion by 35% (Fig. 4i) . The corresponding stimulation measured over 20 min averaged 49% (not shown). In islets exposed to 1 mmol/l glucose throughout, insulin secretion was <20% of that seen in the presence of glucose.
Representative recordings of the SRB fluorescence changes in the presence of glucose alone and when the medium was supplemented with carbachol are shown in Fig. 5a ,b. Most events recorded in the presence of carbachol were of the same size as those observed with glucose alone. Occasionally, however, much larger events were observed (Fig. 5c) . These large events increased monotonically without any irregularities suggestive of smaller events being superimposed. The relationship between the diameter of the event and the rise times is shown in Fig. 5d . Under control conditions (20 mmol/l glucose), the rise times of events averaged 3.9±0.6 s and did not vary much with the diameter. In the presence of carbachol, events with a diameter of <0.4 μm (similar to those evoked by glucose alone) had a mean rise time of 5.10±1.20 s. However, for larger events the rise time increased to 9.1±1.6 s (p<0.001 vs all events at 20 mmol/l glucose alone). Possible reasons why the rise times reported by the SRB imaging are ∼1,000-fold longer than those indicated by the measurements of ATP release are discussed in the ESM text (section 3). In contrast, the HW of the events was constant over a wide range of spot areas (not shown). Notably, 15% of the events have HWs >20 s and required >30 s to return to the baseline (Fig. 5e) .
In addition to multivesicular exocytosis, we also observed examples of sequential exocytosis that took place in rapid succession (10 s) within the same part of the beta cell and almost returned to baseline before the next event (Fig. 5f ). These events were easily distinguished from the multivesicular events in displaying temporally well-separated stepwise increases in fluorescence (Fig. 5g) ; 7% of the events were of this type in islets exposed to 20 mmol/l glucose alone, which increased to 15% in the presence of carbachol (Fig. 4h) .
Multivesicular and single-vesicle exocytosis imaged with FM1-43FX We used the fixable fluorescent styryl dye FM1-43FX [38] to study exocytosis in rat beta cells. This dye cannot cross membranes and only labels membranes in direct contact with the extracellular solution. The cells were exposed to either 20 mmol/l glucose alone or in combination with 20 μmol/l carbachol (for 30 s). The FM1-43FX dye was present only during the last 30 s. Previous observations [18, 39] and the present live cell imaging of exocytosis (Fig. 5e ) suggest that many of the release events have sufficiently long lifetimes to be captured by this protocol. Figure 6a shows a 3-D reconstruction of the most common type of structures labelled in the presence of 20 mmol/l glucose alone (ESM Movie 1). Figure 6b summarises the distribution of the length/diameter of these structures labelled by FM1-43FX in cells exposed to glucose alone; the distribution was nearly Gaussian with a mean of 0.60±0.05 μm (n0140). Fluorescent beads with a diameter of 0.20 μm (i.e. similar to the 0.3 μm diameter of insulin granules in rat beta cells [40] ) had a measured diameter of 0.50±0.02 μm (n012). The cumulative distribution of these events is shown as the dashed line in Fig. 6c . In cells exposed to carbachol for 30 s (Fig. 6d) , >15% of the structures labelled by FM1-43FX were larger than ≥2 μm. In islets exposed to 20 mmol/ l glucose alone, the corresponding number was <5%. A 3-D reconstruction of one of the large events is shown in Fig. 6d (ESM Movie 2) that remain connected to the cell surface. In many cases, these exhibited a serpentine-like morphology (hence these data are quoted as lengths rather than diameters). These events are too big to represent endocytotic vesicles (diameter070-80 nm [35, 36, 41] ). The cumulative distribution of the FM1-43FX-labelled structures in cells exposed to glucose in the presence of carbachol is shown as the continuous line in Fig. 6c . The distribution of the events was shifted to the right in the presence of carbachol (p<0.001).
3-D scanning electron microscopy ultrastructural analysis of intact rat islets We examined whether carbachol increases the prevalence of homotypically fused granules Images illustrate a group of homotypically fused granules with connected cores. Note that the captured multivesicular complex is approximately one granule diameter (blue double-headed arrow) from the plasma membrane (PM, red dotted line). Section thickness: 50 nm. Scale bar: 0.4 μm. c The percentage of homotypically fused granules relative to the total number of granules observed within the cytosol of four complete beta cells using the 3-D electron microscopic images in 20 mmol/l glucose alone (n03,338 granules) and when medium was supplemented with 20 μmol/l carbachol (n04,580 granules); **p<0.01. d,e Transmission electron microscopy (two-dimensional) examples of two individual multigranular structures in a rat beta cell exposed to 20 mmol/l glucose in the presence (d) and absence (e) of 20 μmol/l carbachol. Note that in e the multivesicular structure aligns below the plasma membrane (cf. Fig. 6d ). The frequency of multivesicular structures was 0.18% (seven compound and 2,712 single events) and 0.37% (16 compound and 4,094 single events) in the absence and presence of carbachol, respectively. Data were from ≥25 cells for both experimental conditions. The plasma membrane (PM) is indicated by the dotted red lines and arrow heads. Scale bars: 0.5 μm in d and 0.2 μm in e. A few mitochondria (m) are indicated within the cytosol by serial scanning electron microscopy [23] . Figure 7a shows an xy plane of a beta cell together with 3-D rendered xz and yz planes. Regardless of whether the islets had been treated with carbachol or not, most granules were not connected. However, occasionally prefused multigranular structures were observed (Fig. 7b) . On average, carbachol increased the number of homotypically fused granules threefold; in the presence of carbachol, 4% of the granules were joined to at least another granule (Fig. 7c) . The largest number of fused granules observed was six. The example shown was within ∼400 nm of the plasma membrane. In cells exposed to carbachol, the average distance between the multivesicular structure and the plasma membrane averaged 1±0.2 μm, with about one-third residing within one granule diameter (0.3-0.4 μm) of the plasma membrane. We confirmed the occurrence of multivesicular complexes using transmission electron microscopy, which allows more unequivocal identification of the granule membranes. These experiments provided additional evidence of connected granules (Fig. 7d,e) , occasionally adjacent to the plasma membrane.
Discussion
Our data confirm previous observations [10] that compound multivesicular exocytosis contributes marginally (<5%) to glucose-induced insulin secretion. However, multivesicular compound exocytosis of prefused granules becomes quantitatively significant in the presence of carbachol and then accounts for up to 18% of the events (Figs 4, 5) .
We believe that the large P2X 2 R-dependent currents and capacitance steps reflect exocytosis of granules that have prefused within the cell before fusing with the plasma membrane rather than individual granules fusing with each other in rapid succession. This conclusion is underpinned by the following observations. First, in the P2X 2 R-based assay, the large events described here developed monotonically and there was no sign of any discrete steps that could reflect exocytosis of single granules in rapid succession. Second, the two-photon imaging experiments indicated the occurrence of large exocytotic events that rose without discernible steps of the type seen during sequential exocytosis (compare Fig 5c  and g ). Third, confocal imaging of FM1-43FX enabled the identification of large serpentine-like structures in beta cells (Fig. 6d ) that had been exposed to carbachol and fixed within the lifetime of the large events determined by the two-photon SRB imaging experiments (Fig. 5c,e) .
The dearth of multivesicular complexes reported by the ultrastructural analyses (Fig. 7) compared with the functional measurements indicates that they form shortly before their fusion with the plasma membrane, making them difficult to capture by electron microscopy. In this context, it should be remembered that only a small fraction of the insulin granules undergo exocytosis (0.1%/20 min), making it difficult to correlate the ultrastructural and functional data.
Is multivesicular exocytosis functionally significant? Consider (for didactic reasons) a beta cell with 100 release sites. If single granules undergo exocytosis at these sites, then a total of 120 granule equivalents will undergo exocytosis in the presence of 20 mmol/l glucose alone (five multivesicular events comprising five granules and 95 unitary events; i.e. 5×5+95×1 granule equivalents). However, in the presence of carbachol, multivesicular exocytosis will occur at 18 of these release sites, and a total of 172 granule equivalents will be released (i.e. 82×1+18×5). This stimulation of 43% is comparable to the 35-49% stimulation of insulin secretion evoked by carbachol during 1-20 min exposures (Fig. 4i) , similar to the stimulation previously reported by others [42] . Thus the stimulation of insulin secretion by carbachol appears largely attributable to an increase in compound exocytosis rather than the frequency. In contrast, agents that increase cAMP (such as glucagon-like peptide 1 [GLP-1]) also increase the frequency of exocytosis [15, 43] .
What would be the functional significance of compound and sequential exocytosis in the beta cell? We think that the low Ca 2+ -channel density (0.9 μm −2 ) [44] , much lower than that reported for chromaffin cells (9-20 μm −2 ) [45, 46] , provides a clue. Despite their low Ca 2+ -channel density, pancreatic beta cells are capable of a remarkably high rate of exocytosis, which approaches that in chromaffin cells. Reported maximum rates of capacitance increase (1.2 pF/s [32, 44] ) correspond to 300 vesicles being released per second. In compound (as well as sequential) exocytosis, Ca 2+ influx via a single Ca 2+ channel may suffice to deliver several granules worth of cargo into the islet interstitium using a single fusion site. Such a mechanism may be functionally significant under physiological conditions when insulin demand is very high.
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